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Introduction ATHENA
SMR and its safety

Small Modular Reactor (SMR)

Characteristics Advantages
SMART
Site flexibility
Pressurizer -
Multi-utilization
Pump
Enhanced
SG safety
Core « No risk of LBLOCA

» Low thermal power output
» Fully Passive safety system

*Figure source: KAERI
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Introduction

ATHENA
Passive safety system of SMR

Integration Low thermal

power
_ Passive safety system

Low pressure

e drop * No active system
Simplification  Low driving force

NuScale SMR

ATOM

« Thermal power 200 MWth
* 12 modules in a building
« ECCS, DHRS

— Indefinite grace period

* Thermal power 330 ~ 450 MWth
* 6 modules in a building
« PRHRS, FSS
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Introduction ATHENA

Obijective of flooding safety system

I Air cooling
Plant Building TR
<— Passive valve LB
Active valve

Objective

Ground

Jevel | ol TT ____________ |
¢
Flooding system ‘ PN Aux.
~10m pool pool
(Ea‘;’g‘:":)cy [T (PRHRs+ECT)
g R T T i
E|! [
[Q! [d

Separated cavity

Long-term coolability
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Introduction ATHENA

Concept of Flooding safety system

FIOOding Safety system (FSS) » Condensation system
« Condenses vaporized coolant to re-collect
Common pool (CP) < extra coolant into the CP

« Centralized coolant inventory ST
. Storgge of spent fuel “— Passive valve T
« Sufficient volume to supply Active valve Air-cooled HX _
. (Evaporated steam recollection)
emergency coolant to 6 cavities

Ground
level

common — » Flooding valve |
~10m pool bool « Coolant supply to cavity and
riviand i "|(PReRs-ECT) Aux. pool

(1 [ - Passive/Active operation

_______________________ |

~2m § spentfuel
Auxiliary pool
» Heat sink of passive residual heat
removal system (PRHRS)

Separate dry cavities «

« Containing single reactor
module

* Volume is 1,568 m3
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Introduction
Validation of FSS

Long-term coolability

1050 ;
6 modules
900
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©
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00 01 02 03 04 05 06 07 08 09 10
Collection ratio

Grace period with partial re-collection ratio

v

Limitation
v" Immediate flooding was
assumed

ATHENA

Early phase core integrity

Flooding time

v’ Sufficiently short to
sustain core integrity

Flooding valve

v' Meet the objective
flooding time
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Introduction ATHENA

Objective
( ) 120
_'QQ Dome
PZR |~ 270 —-QQ f
Y N ¥
[ 20 v prum | _ Jom
g 240
0
910 \ | 995
_ t| Cavity Cavity
Core uncovery time
15m
170
Lower head
. _J il
« 330 MWth ATOM MELCOR input model » Flooding safety system MELCOR input model
« Estimate core uncovery time * |nvestigation of requirement of flooding
8 path to prevent core damage
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Methodology ATHENA

MELCOR nodalization of reference reactor

330 MWth ATOM *ADS; Automatic depressurization system
@ < » ADS ventilation valve
Pressurizer < | ) Q@ » Actuates to relieve overpressure of RPV
« System pressure: 15 MPa ozr 270 O * Flow area: 1.0134x10% m?
20 * Opening pressure: 17.4 MPa

4
[ 260, Upper plenum J

5G

— Reactor coolant pump

Core =«
« Thermal power: 330 MWth
 Diameter: 2.125 m

» Steam generator
« Connected to 2"d system
I « Helical SG

170

Lower head
. J

x6 modules in a plant building
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Methodology ATHENA
MELCOR nodalization of FSS

Plant Building T
e e—— T » Common pool
Active valve Air-cooled HX 1

(Evaporated steam recollection) 120 i 10 m hlgh
Ground

tove Dome « 9,408 m3 of emergency coolant

Common

~10 m pool

(E
Coolant)

Aux.

pool h 4 L 4 Y
(PRHRS+ECT) 4

(I —— Cavity - CV995

10m « Volume for single cavity, single valve
* Volume: 1,568 m3

* 15 m below of the flooding valve

] [m

~2m Spent fuel

910 &= 995
Cavity Cavity

> Flooding valve
« Form loss coefficient = 1.5

15m « Assumed simple, pipe-like structure

! » Cavity - CV910
 Volume for 5 cavities, 5 valves
 Volume: 7,840 m3
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Methodology ATHENA

Accident scenario

Scenario: ADS ventilation valve malfunction accident

0 O Core uncovery!
O I O I
O o ,0
® *
4 I 4 [ 4@'\
-0 B
PZR [+ 270 —'QQI Depressurization PR [ & _'QQI
10 Reactor shutdown 1
Pump stop
SG Recirculation valve open SG
160 160
e > I
170 170
Lower head Lower head
. J \. S

11
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Methodology ATHENA

Flooding time simulation matrix

*6 cavities flooding assumed

— Valve flow area
120

Dome

5 Simulation « Dominant parameter
' : \ ! i to flooding time

10m
— Number of valves
910 . 995 . T
H Cavity Cavity Effect of multiplicity
15m F"Zr‘;"z‘;’“ea 0.02 004 006 008 0.
' 1 2
valves

*Figure with single valve per each cavity

i

* per each cavity
12
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Results and discussion ATHENA

Core uncovery time

Active core region

© ] —_
Q12 =
i S’
SHE M_Jf’ O ;0.
\ s
9 8 \ —\\_____#__fJ/.——"“‘/ 2
a /’\“—-"""/ o
N 6 QD 45 \
O - - ©
o 4 < ]
2- / 4.0 N
1 / | Core uncovery | \ I
0 ~1.05hr
0.0 0.5 1.0 15 20 25 3.0 0.0 05 1.0 1.5 2.0 2.5 3.0
Time (hr) Time (hr)
System pressure Core water level

« Rapid RPV pressure decrease after the accident _
« Core water level started to decrease 1.05 hour after Core U ncovery
13
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Results and discussion ATHENA

Cavity flooding time with valve flow area

Variable 1: flow area

16

b /?——I—/?I—I—I—I—+
14 /"
ol AT e 3
E /’// /l / —=—0.04 m’
[ / | —=—0.06 m’
HEN S oo
o - / I g —=—0.1m?
© 6 /!
= 4 ) : Active core
1 // | Core uncovery
2- I Pressure from the storage level Twice flow area
o, _ | _ . -> Driving force per flow area - Twice driving force
0.0 0.5 1.0 1.5 20 25 3.0
Time (hour)
Cavity water level with flow area of the valve
1. Gradually decreasing flow rate Linearly proportional flow rate to flow area
14 2. Inversely proportional flooding time to flow area = Inversely proportional flooding time
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Results and discussion ATHENA

Cavity flooding time with valve flow area
B
(m?)

16
Core level reached
(hr)

1'F.
14
- ///'/ T
- ' - e . . .
—=—01m? l
|

‘ Active core
| |

Core uncovery * Flow area 0.02 & 0.04 m? - insufficient flooding time

Varlable 1: flow area

S ™
=2
N

Water level (m)
—
=
\'\

| \'\:
8
& &
3 3

* Flow area 0.08 & 0.1 m? - sufficient flooding time

1!5 | 2.0 | 25 | 3.0
Time (hour)

0.0 0.5 1.
* Flow area 0.06 m? = closer investigation is needed!

15 Cavity water level with flow area of the valve
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Results and discussion ATHENA

Cavity flooding time with the number of valves

Variable 2: Valve # « Each valve has flow area 0.02 m?2
] « Approximately 0.01-hour delay from the identical
16 - | ! -, - total flow area case
ol s * Reason of the delay
| T - extra pressure drop from smaller flow area
'g 12 - —— Single valve Fi
§ 10 1 —— 3 valves
4 val
o, iy Core 'e(‘;]er')rea"hed 081 040 027 020 016
(O]
© 6- Core level reached
< - delay (h NA
. Active core elay (hr)
Core uncovery Fully S(E'ro)merged NA 1.69 1.12 0.84 0.68
2 |
0 — — F“'éélsa“b(rﬁsrged NA 0012 0011 0011 001
0.0 1.9 2.0 2.5 3.0 y
Time (hour) - Replacement of single large valve with multiple

valves can be achieved

Cavity water level with the number of valves

16
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Conclusion

Summary

17

6.0 -
Active core region

o
3)

5.0

4.5

4.0 \
Core uncovery \
r
. , .

~1.05F

Water level (m)

3.5 T T T T
0.0 0.5 1.0 1.5 20 25 3.0

Time (hr)
Core water level

3.5 , L | T .
d —=— Single valve

w
o
T

M
3
T

—o— Multiple valves

Flooding time (hour)

g “;\R\___. ________ |

—_
o

Core uncovery ~ 1.05 hr \\

0.5 e - e

0.02 0.04 0.06 0.08 0.10
Total flow area (m?)

ATHENA

Flooding time with total flow area of valves

] Core uncovery time evaluation of 330 MWth ATOM
[1 ADS ventilation valve malfunction accident
[1 Core uncovery at 1.05 hour after the accident

v' Total flow area larger than 0.06 m?2
- met the time limit

v' Multiplicity from multiple valves
- achievable!
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Future work ATHENA

Integrated analysis of FSS short-term coolability

: 120
_'QQ Dome
pzR | 270 () 7

| 120 Y h 4 Y
. i Integrated SMR + FSS input model
f‘“ Upper P"“":’” 10m
SG
g 240
0
— 230 | | —
220 | , + 910 [+ v | 995 . .
s 1 Cavity Cavity Severe accident analysis
200 || using MELCOR code
core 0 160
15m
180
KR i
170
Lower head
" S

Detailed analysis of flooding effect on
18 core level sustainment
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Appendix. A ATHENA

Safety system of NuScale and its limitation

NuScale passive safety system

C | (CP) « T > Containment vessel (CNV)
i ?—I&l  Containing reactor pressure vessel (RPV)

12 modules submerged in the CP

« Weakly vacuumed vessel
| * To prevent
il l“l 1. Heat loss from RPV
== 2. Hydrogen flammability
il
l AN l > DHRS
ECCS ~— CHOIRN: « Heat removal through SG
« Steam injection into the CNV .
* Recirculation of condensate &/
R

* Heat removal to common pool

1) Reyes Jr, Jose N. "NuScale plant safety In response to extreme events.” Nuclear Tec
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2) NuScale Power, Status Report - NuScale SMR (NuScale Power, LLC), 2020.




Appendix. B ATHENA

Safety system of NuScale and its limitation

« Boliling induced by the decay heat Time (day)

- water level decrease
« Water depletion after 30 days
0.4 MWt is sufficiently low for air cooling
21 = indefinite grace period

Reyes Jr, Jose N. "NuScale plant safety in response to extreme events.” Nuclear Tec

« Larger thermal power
- lager CP inventory requirement
« Improvements required for high-powered reactors

|
WATER COOLING BOILING I AIR COOLING :
N | § N: N "R 5.0 — ———
| == \ | == | —0— Infinite operation, initial: 27.99 MW
= [N § I | 45 —O— 2 years operation, initial: 27.17 MW
25 \ 'N A N Nl : ' Normal operation power: 450 MW
g ! E ! A N 4.0
= l N | I
= N N |
o N\ N I ~3.5
w | | ;
= \ N : | s
O N\ ! 1 ! N =30
o | b | / I — A
> N | N | ®
< | N\ | I L 25
o \ N A\ : S > |
g | | ANRRIRRRNRRRRRNNNN I 8 2.0 kn“&uo-o.o.o
| | ) i J
: | : 015 —L: 7800000000000,
I I | ]
. - 7* : | 1.0 “00000000000000
| ] | i °°°°°°°*3000000J>000000<
TIME = 1 sec 1 hour 1 day 3 days 30 days I 0.5 - '_:Pf‘),_h'::t_ni l\lllS(‘_lQ_ njfn_r 'iﬂ_ .‘;I_.\,IQ_ S UL UL
POWER= 10MWt 22MWt 1.1 MWt 0.8 MWt 0.4 MWt < 0.4 MWt ~0.4 MW
.- | 0.0 . . . . . .
Long-term coolability : 0 5 10 15 20 25 30
|
|
|
|
|
|
|
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2) Park, Jae Hyung, et al. "Lumped Analysis of Effective Long-term Coolability by Using Flooding Safety System for Small Modular Reactors." (2021)




Appendix. B ATHENA

Safety system of NuScale and its limitation

04_ Reactor Additional limitations
module

 Heat loss to CP
 Difficult approach for management
« Inadvertent interfering effects of accidental module to others

\ 4

Requirements to improve the system

« Separate and dry cavities during normal operation
« Additional passive safety system for enhanced long term
coolability

O
O
O
O
O

Common pool
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Appendix. C ATHENA

Previous research on long-term coolability of FSS

Lumped analysis for long-term coolability of FSS

Grace period with partial re-collection ratio
1050 T T T r r r T

6 modules | Conclusion | | |
000 « Higher re-collection ratio - Longer grace period
 Indefinite grace period with collection ratio 1.0
—~ 750
>
@©
)
T 600
Re) ‘
B
= 450
O
5 /
O 300 L
_ / | Limitation
150 A * Immediate flooding was assumed
M | + Insufficient flooding rate may result in core damage
O 1 1 1 1 1 1 1 1 1 1

00 01 02 03 04 05 06 07 08 09 10

23 Collection ratio
1) Park, Jae Hyung, et al. "Lumped Analysis of Effective Long-term Coolability by Using Flooding Safety System for Small Modular Reactors.* (2021)

£ HANYANG
% UNIVERSITY




Appendix. D

Accident mitigation strategy

ATHENA

Accidents involving Overpressure of RPV

)

7
|

g

=

M

|

[]

l

m
)

* RPV overpressure
* Reactor vent valves open

»

« Steam injection into the CNV

24
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|
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m m
N N
~_ - ~_
Flooding of the cavity « Boiling of cavity coolant
Steam condensation in the CNV « Continuous coolant supply from
Re-supply of the condensate into condensation system

RPV through recirculation valves
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Introduction ATHENA

Obijective of flooding safety system
Flooding system Separated cavity

Air cooling
Plant Building TR Evaporation Condensation
<— Passive valve """"""""

Active valve
Steam /
Ground
devel e I
| Re-collection s Re-supply
Common AUX.

Long-term coolability

pool pool
(Emergency »1 (PRHRS+ECT)
Coolant) "

Y e
RS 0 l

Enhanced long-term safety!
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